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ABSTRACT: Metal oxides have been widely studied in recent years to replace commercial graphite anodes in lithium ion batter-
ies. Among the metal oxides, manganese oxide has high theoretical capacity, low cost and is environmentally friendly. However,
many MnO materials have shown limited reaction reversibility and poor conversion kinetics. To understand why, in this paper we
investigate the mechanism, kinetics and reversibility for the solid-state conversion reaction of MnO with Li*. We definitively show,
for the first time, that during repeated reaction cycles multiple reaction pathways occur that lead not only to the reformation of
MnO but higher oxidation state Mn;O, — which when combined with the poor intrinsic electronic conductivity of both manganese
oxide species results in rapid loss in the amount of charge that can be stored in these materials. Learning this, the approach in this
study was use cobalt doping to concomitantly stabilize the redox behavior of manganese (allowing for the gradual transformation of
MnO to Mn;0, over time) and to increase the intra-particle electronic conductivity of the active layer. The result is an active mate-
rial, Mn,¢Co, ;O, that exhibits excellent charge stabilty and conversion kinetics (near 600 mAh/g at a rate of 400 mA/g), even over

100’s of reaction cycles.

Introduction

Li ion batteries (LIBs) have been the dominant energy
source in the portable electronic devices market since they
were commercialized by Sony in the early 1990s', due to their
high specific energy and high specific power densities”. Com-
mercial Li-ion batteries utilize a graphite anode, lithium metal
oxide cathode and LiPFq salt dissolved in a mixture of organic
carbonates as the electrolyte. These batteries can supply up to
150 Wh/kg, which is 5 times lower than the requirement for
long-range fully electric vehicles and far away from other
emerging applications3‘4. Therefore, there is the need to find
alternative materials to increase Li ion battery energy and
power density without sacrificing longevity and compactness.

The cathode side of the cell presents very few choices of
materials that are suitable to be used in LIBs (typically
LiCoO,, LiMnO,, LiFeQ,), all with a theoretical capacity low-
er than 300 mAh/g. This is due to the fact that the active com-
pound must include lithium, be resistant to corrosion, and have
a high reversible Nernst potential. In contrast, the anode side
of the cell presents a wide variety of chemistries with theoreti-
cal capacities significantly higher than graphite that could be
suitable for Li ion battery operation. In fact, several classes of
materials have been proposed in recent years including pure
elements/metals (Si, Ge, Sn, Sb)5’6, as well as metal ﬂuorides7,
nitrides®, phosphidesg, hydrides10 and oxides'"™".

Among the list above, one of the most promising categories
to replace graphite in the LIB anode is metal oxides, and man-
ganese oxides in particular, due to the multiple advantages that
they offer: they are relatively inexpensive, highly abundant in
nature and environmentally friendly. However, not all metal
oxides behave the same and Li storage can occur through 3
different mechanisms: intercalation, alloying and conversion'*.
Conversion metal oxides undergo a bond-breaking reaction
with Li*, which causes a chemical transformation from the
oxide to the metallic state, following the general formula given
in Equation 1:

M O, +2yLi+2ye” <> xM + yLi,O 9]

Although this is a solid-state reaction that leverages chemi-
cal transformations (where bonds are broken and formed) to
store and deliver energy, the overall anode electronic conduc-
tivity can be reaction-limiting for two reasons. First, metal
oxides are typically semi-conductors; therefore, their intrinsic
electronic conductivity is low (10’8 -10° Q’lcm’l). Second,
the formation of the Li,O phase is problematic. Above a few
nm in size, Li,O is not electrically conducting, which can trap
the material in the metallic (charged) state, resulting in very
poor reaction reversibility that would mean rapid fade in bat-
tery capacity with cycling and limited cycle life. For these
reasons, raw manganese oxides have shown very poor capaci-
ty retention with deep capacity fade even after only 10 cycles
of operation".
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In order to improve MnO electrochemical kinetics and reac-
tion reversibility, various approaches have been tried, such as
creating complex high surface area nanostructures. Li et al.
synthetized interconnected porous MnO nanoflakes on nickel
foam, retaining 400 mAh/g over 100 cycles at 1230 mA/g'®
(approximately a 2C rate); Cui et al. have developed a radio-
sputtering technique to deposit a MnO thin film on top of cop-
per electrodes, showing 400 mAh/g at a C/20 current rate'’.
Although these nanostructures may help reaction reversibility
by shortening the Li ion diffusion pathway, showing good
results at low current rates, they still were not able to achieve
high capacities at fast rates due to the limited electronic con-
ductivity. To overcome the limited electrode conductivity, one
popular strategy consists of pairing the MnO active material
with a highly conductive matrix such as graphene oxide or
carbon nanotubes (Figure S1 in the Supporting Information),
which dramatically increases the inter-particle electronic con-
ductivity'®, resulting in higher reaction reversibility and there-
fore higher capacity. Increasing the electrode conductivity has
also been suggested to help decrease the domain size of the
Li,O + Metal phases and therefore improve the metal oxide
conversion reaction reversibility'”** as well as providing a
buffer for the volumetric expansion that occurs during lithia-
tion/delithiation”"**%.

Although synthesizing metal oxide/carbon composites may
be one of the best strategies to achieve stable electrochemical
conversion in some metal oxide anodes, this is not sufficient
for MnO because of its very poor intrinsic electronic conduc-
tivity (10® cm™Q™", one of the lowest among all metal oxides).
Therefore, a more advanced strategy to increase the reaction
reversibility of MnO, and metal oxides in general, is co-
doping the active material in order to manipulate its intra-
particle electronic conductivity**. One element with proven
electrochemical synergy with Mn is Co. A relevant example
has recently been reported for pseudo-capacitors’”’, where Co
can stabilize the redox behavior of manganese oxide, inhibit-
ing anodic dissolution and improving stability over many cy-
cles. Also, the electronic conductivity of Co-derived oxide
species is higher than Mn-based oxides. Adding just 10 atomic
% Co to MnO increases its intrinsic conductivity by more than
an order of magnitude, as confirmed by Van Der Pauw meas-
urements” (Table S1 in the Supporting Information).

However, to the best of our knowledge, no studies have
been conducted either on the influence of doping on the kinet-
ics of the MnO conversion reaction or on its reaction reversi-
bility, leaving these as important open questions to address. In
order to do so, five Mn,Co,.,O /CNT materials with different
percentages of Co inclusion (x = 0, 0.05, 0.1, 0.15 and 0.2)
were synthesized and characterized both physically and elec-
trochemically.

Experimental Details

The samples were prepared in two stepslx’zg. First, multiwall

carbon nanotubes (MWCNTs, Sigma-Aldrich catalogue num-
ber 724769) were oxidized similar to a modified Hummers’
method with a lower concentration of oxidizing agent™”" (de-
tails in the Supporting Information). In the second step, 90 mg
of the oxidized MWCNTs were well dispersed in a 122.5 ml
ethanol/DI water (50:1 volume ratio) solution for 1 hr, in order
to achieve a final CNT loading of 10 wt. % for each sample.
Next, 3 ml of manganese(Il) acetate tetrahydrate (0.6 M in DI-
water) solution was added. To achieve the desired level of Co

incorporation in Mn, stoichiometric moles of Mn precursor
were replaced with cobalt(Il) acetate tetrahydrate. The mixture
was refluxed in an oil bath at 90°C for 24 hours after adding
2.5 ml of ammonium hydroxide solution. The mixture was
centrifuged and the solids were dried in vacuum at room tem-
perature for 80 hrs. Lastly, the Mn,Co,.,O/CNT anode materi-
al was obtained by annealing the dried sample at 600 °C for 3
hours in an argon atmosphere.

Results and Discussion

Fig 1a shows the XRD patterns for the Mn,Co, ,O/CNT ma-
terials with various cobalt inclusion. The peak positions for the
entire material set are reported in Table S2 of the Supporting
Information. 0%, 5% and 10% samples show accurate coinci-
dence with the reported peak position in the literature™ for a
MnO Face Centered Cubic (FCC) crystal structure, showing
all of the dominant peaks at 35.7, 40.3, 58.7, 70.2 and 73.8 20
degrees. The XRD pattern for the 15% Co impregnated mate-
rial shows a slight displacement to higher angles, which indi-
cates the presence of a second material (cobalt) that is altering
the d-spacing and therefore the crystal structure of the MnO
active material. There is also peak widening and what appears
to be a slight disruption of the (111) peak at the higher 20
edge, which suggests the possibility for incomplete phase sep-
aration. Regarding high Co content (20%), a dramatic change
is observed; indeed, two sets of peaks are clearly present. The
first set can still be ascribed to MnO, although shifted due to
the introduction of Co into the FCC MnO crystal structure.
The second set of peaks at 35.7, 41.4 and 60.2 20 degrees,
corresponds to the (111), (200) and (220) Miller planes of
cubic CoO™.
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Figure 1. (a) XRD pattern for Mn,Co,_,O materials with 0%, 5%,
10%, 15% and 20% Co addition. (b) XPS general survey spec-
trum and Mn high resolution scan for Mn, ¢Co ;O.
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Fig 1b shows a typical XPS survey for MngoCoyO/CNT.
The results confirm the presence of Mn and Co on the active
material surface in the expected atomic ratio (10%, Figure S2
in the Supporting Information). Moreover, the Mn high resolu-
tion scan contained only two peaks that correspond to the
2p(1/2) and 2p(3/2) orbital energies of MnO*. Peak deconvo-
lution and the peak displacement (11.8 eV) confirms no metal-
lic or higher oxidation states of manganese (3+, 4+) were pre-
sent on the active material surface before electrochemical ex-
periments were done.

Figure 2a shows a TEM image of Mn,¢Co, ;O nanoparticles
impregnated onto the CNT matrix. The image confirms a low
loading of carbon nanotubes present in the active material and
shows pseudo-spherical shape of the active material nanopar-
ticles. The average particle size is between 25-40 nm, which is
in good agreement with Scherrer equation calculations from
the XRD pattern (Table S3 in the Supporting Information).
Moreover, there was not a significant increase in the lattice
parameter or in the particle size for MnggsCogsO or
Mng3Co0,,0 when compared to Mn(¢Cog;O. In fact, the ap-
parent “MnQO” domain size decreased as Co was added at high
levels, which confirmed that for higher Co content, cobalt was
not doped into the FCC MnO structure but instead phase sepa-
rated.

Figure 2b presents a high magnification image of the
Mn4Coy ;O nanoparticles where the lattice structure of the
active material is clearly observed. The particle shows a d-
spacing of 1.66 A° (in good agreement with XRD results) and
an almost spherical shape, which has been shown to help dis-
persion and adhesion of metal oxide nanoparticles on carbon
substrates”. Figures 2c-2f show the STEM mapping for car-
bon, manganese, oxygen and cobalt, respectively, using the
exact TEM grid position as Figure 2a. The analysis shows the

Figure 2. (a) TEM image of Mn( ¢Co,;O/CNT. (b) High magnifi-
cation image of one single Mng ¢Co, ;O/CNT nanoparticle. STEM
mapping images for the particles in (a) showing the elements:
carbon (c), manganese (d), oxygen (e) and cobalt (f).

homogeneous presence of cobalt throughout the active materi-
al, which is greatly helped by the fact that CoO is soluble on

MnO over the entire range of MnxCoﬂ_,()O36 compositions
(0O<x<1), with a complete solubility at room temperature and a
maximum miscibility gap in the calculated phase diagram
occurring at 242 K, due to similar Co’* and Mn®" cation size
and rock salt structure’. However, some phase separation can
occur on the surface under the present conditions, as shown in
this and other studies’. Moreover, the oxygen mapping
matches all of the nanoparticles, supporting the XPS result that
metallic manganese is very rarely present, if at all.

The electrochemical characterization of the chemistry, ki-
netics and reversibility of the Mn,Co, ,O/CNT conversion
reaction is shown in Figure 3. Figures 3a, 3b and 3c show the
cyclic voltammograms for Mn,Co,_O/CNT with 0%, 10% and
20% Co inclusion, respectively. These were selected because
they are representative cases of no doping (3a), inclusion in
the material without showing any phase separation (3b), and
clear phase separation (3c). There are some common features
that can be observed regardless of the cobalt concentration. In
the first cathodic scan, a large peak at 0.05 V is observed, cor-
responding to the formation of the solid electrolyte interphase
(SEI). In the Mng3Co;,0 voltammogram, two peaks are pre-
sent in the first polarization. The smaller peak at 0.2 V is char-
acteristic in shape and position to SEI formation on CoO,
further confirming phase separation at high cobalt content; the
larger peak at 0.05 V can still be ascribed to SEI formation on
“MnO”. In subsequent cathodic scans, two peaks were always
observed for all materials, the first at 0.45 V and the second at
0.3 V. In the reverse (anodic) scan, two oxidative peaks were
always observed, a large peak at 1.3 V, and a smaller peak at
20V.

With regards to the cathodic peaks, there is much evidence
in the literature that the peak at 0.45V can be ascribed to the
conversion of MnO to metallic Mn and LiQO39 (light brown
arrow in Figure 4). The secondary peak at 0.3V is not correlat-
ed to CoO conversion’”, since it was detected in all cases, even
when no cobalt was present in the active material, suggesting
the possibility of a higher oxidation state of Mn being present
after only one redox cycle.

The most likely higher oxidation state Mn species to be
formed are Mn;0, and MnO,. There are two compelling piec-
es of evidence to support Mn;0, as the secondary oxide phase.
First, Figure S3 in the Supporting Information shows the cy-
clic voltammograms for Mn;O, supported on CNTs. All 5
scans show a clear single cathodic peak at 0.3V and two anod-
ic peaks, at 1.3V and 2.2V, which is consistent with what was
observed in Figures 3a-c. Second, to better understand the
Mn,Co,.,O reaction behavior, Mny,Co, ;O was cycled 300
times between 0 and 3 V vs Li/Li* to allow a large amount of
the secondary phase to accumulate on the surface, and the
resulting species were probed by XPS (Figure S4 in the Sup-
porting Information). It was possible to deconvolute the Mn 2p
region in two doublets, one that is ascribed to MnO and the
other corresponding to Mn3;0,. Moreover, the peak sets show
almost the same intensity, which suggests that the two differ-
ent MnO phases were present in a similar concentration (Table
S4, Supporting Information), which is in good agreement with
the cyclic voltammetry analysis. This is the first time in the
literature that the conversion of MnO to higher oxidation
states during the conversion reaction lithiation/delithiation has
been definitively found, a provides new insight into the evolv-
ing understanding of the chemistry of metal oxide anode mate-
rials.
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Figure 3. Cyclic voltammograms for MnO (a), Mng ¢Co ;0 (b), and Mn3Co,,0 (c), showing their redox reaction peaks. (d) Rate
capability for Mn,Co,_,O investigating kinetic overpotentials as a function of Co inclusion. (e) Initial charge storage ability of Mn,_
Coy,O at a current rate of 400 mA/g. (f) 300 charge/discharge cycles for Mn,Co;_,O at a current rate of 400 mA/g, showing their
long-term charge storage ability as a function of Co inclusion in MnO.

In order to account for the higher oxidation state Mn (red
pathway in Figure 4) after repeated oxidation and reduction
cycles, Equation 2, there are three main possibilities.

Mn,0,+8Li" +8e <> 3Mn +4Li,O (€3]

First, the Mn;0, that is formed contains oxygen vacancies,
which has been found previously® in a non-battery environ-
ment. The second possibility is that MnO is converted to a
higher oxidation state by reacting with oxygen species (i.e.
carbonates) that are created during the formation of the solid
electrolyte interphase (SEI) — the products of electrolyte de-
composition. Third, it is also possible that local stoichiometry
post-reduction (after charging) kinetically favors the oxidation
of Mn;0, (during discharge). This would also result in do-
mains of metallic Mn post cycling, which were detected by
XPS (Table S4), although not in a significant quantity as one
would have expected if this was the predominant pathway.

The kinetics and reversibility of the conversion reaction was
probed by carrying out charge/discharge tests at different rates
for all Mn,Co,_,O materials, and the results are shown in Fig-
ure 3d. First, the results generally showed a decrease in extent
of reaction at higher rates, which is expected because of the
increasing kinetic overpotentials the battery is experiencing
with increasing reaction rate. In order to evaluate the overpo-
tentials in-situ, the charge/discharge curves for all of the Mn,_
Co,.4,0 chemistries were deconvoluted at four reaction rates
(Figure S5 in the Supporting Information). Among the Mn,_
Co,.,O materials, increasing the Co content led to lower over-
potentials, with the most notable differences at high reaction

rate (Table S5 in the Supporting Information). Because of the
lower overpotentials, the cells were able to operate over a
larger effective voltage window and thus were able to achieve
a higher extent of reaction (higher capacity). In fact, MnO (0%
Co doped), shows an extent of reaction of only 23.1 % (175
mAh/g) at 1600 mA/g The MHOA95C00A05O, MnoAgCOO_IO,
Mny ¢5Co ;50 and Mn(3Co,,0 active materials were able to
achieve significantly higher extents of reaction and capacities
of 284, 355, 390 and 554 mAh/g (at a current rate of 1600
mA/g), respectively. The MnggCog,0 in this work was able to
achieve one of the highest capacities reported to date for any

Mn anode in Lithium ion batteries at a rate of 1600
mA/g13.16,32.39,4l-45

Knowing the overpotentials for all of the active materials as
a function of the current, a Tafel slope analysis was carried out
for both the reduction (lithiation) and oxidation (delithiation)
reactions in order to identify the rate limiting step in the elec-
trochemical conversion reaction. Three assumptions were
made: the Mn;0, reaction pathway is negligible initially be-
cause of the very few number of charge/discharge cycles that
occurred during the testing; the first data point at 40 mA/g was
neglected because the overpotential was too small (~10 mV) to
justify its use given the inherent assumptions in the Tafel
equation derivation (Equation 3); and the Mn,3Co,,0 was not
considered because of the phase separation and consequent
increasing number of reactions occurring simultaneously. The
overpotentials were evaluated for both charge and discharge
by taking the mid-point value between the cutoff voltage at the
end of each cycle and the following data point, and the Tafel
slope was evaluated for each Mn,Co,.,O chemistry:

n=a+blogi 3)
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Figure 4. Proposed mechanism for MnU solid-state conversion reaction.

Where 7 is the overpotential at a specific current density i and
b is the Tafel slope, which is defined as:
2.303RT
h="r “
F-a,

Where F=96485.3 Cmol is Faraday constant, R=8.314J mol™
K is the ideal gas constant, 7=298 K is the temperature, and
a.y is the effective transfer coefficient. Figure S6 in the Sup-
porting Information shows an example of the evaluation of the
Tafel slope for both forward and reverse scans for MnO.
From the Tafel slope, o.; was determined by Equation 4 and
averaged over the four Mn,Co;_,O materials in order to deter-
mine the nature of the rate determining step (RDS) using
Equation 4.

=L+ pp )
14

Where y is the number of electron transfer steps preceding the
rate determining step, v is the RDS stoichiometric coefficient,
f is the transfer coefficient for a reversible reaction (which is
0.5 for most systems of interest), and p is a coefficient equal to
1 if the RDS is an electron transfer step or O if it is a chemical
step. The results showed an o, of 0.54 (= 0.5) for the reduc-
tion reaction, and an o, of 1.54 (= 1.5) for the oxidation reac-
tion, from which a reaction scheme proposed in Equations 6-8
can be inferred. When a4~ 0.5 (Tafel slope = 120 mV/decade)
p=1 and y=0, the RDS is an electrochemical step, and more
specifically, the first electrochemical reaction (Equation 6),
namely the formation of the MnOLi complex. During the oxi-
dation (from Equation 8 to Equation 6), a.; = 1.5 (Tafel Slope
~ 40 mV/decade), p= v = y =1, identifying the second electro-
chemical step as the RDS, strongly supporting the reduction
data pointing to Equation 6 as the RDS. The consistent result
also suggests that the active sites for the reaction do not
change whether oxidation or reduction are occurring and the
primary activation hurdle lies in the MnOLi intermediate.
Lastly, the individual values for the Tafel slope, and hence ay,
for with varying Co content were quite consistent, showing
that the underlying mechanism for the conversion of MnO is
not affected by the presence of Co.

. - . 6
MnO+Li* + e <> MnOLi ©
MnOLi+ Li* + ¢~ <> MnOLi, ™
MnOLi, <> Mn + Li,O ®)

To begin probing the reaction reversibility, initial

charge/discharge cycles and long-term stability tests for all
Mn,Co,,O active materials at 400 mA/g are reported in Fig-
ures 3e and 3f. For a limited number of redox cycles (Figure
3e), all of the Mn,Co,.,O materials show good reversibility,
with the exception of the phase-separated x= 0.15 and x=0.2,
which experienced slight decline even within 50 cycles. When
looking at extensive long-term cycling (Figure 3f), it is clearly
demonstrated that the phase-separated materials are very un-
stable. In fact, MnggsCo 15O and Mn(gCoy,0O show rapid loss
in reversibility (capacity fade), only realizing 347 mAh/g and
133 mAh/g, respectively, after 300 cycles at a rate of 400
mA/g. This might be due to the fact that the phase separation
in the active material limits the number of surface active sites
available and lengthens the path for Li ion solid state diffu-
sion. At the other extreme, low Co inclusion had minimal im-
pact on the reaction reversibility, showing equally poor revers-
ibility to raw MnO. Indeed, MnO and Mn(5Cog 5O show a
final extent of reaction after 300 cycles of only 299 and 286
mAh/g, respectively.

Interestingly, MngoCo, ;0O showed the highest charge re-
versibility over the 300 charge/discharge cycles, and is one of
the best results for a MnO-based anode to date at a rate of 400
mA/g (Table S6 in the Supporting Information). In fact, 10%
Co inclusion in MnO is able to achieve excellent capacity re-
tention, ca. 550 mAh/g for 300 cycles. Comparing
charge/discharge curves at cycle 3 and 300 for the various
materials (Figure S7 in the Supporting Information), only
Mng4Coy,0 showed low hysteresis, confirming the high re-
versibility of the conversion reaction in this case. This behav-
ior appears to result from a balance between the intrinsic ca-
pacity fade of MnO with cycling and the gradual emergence of
Mn;0,4 with cycle number, which is supported below.

Features characteristic of the more gradual emergence of
metallic manganese to Mn;0, for Mn, ¢Co, ;O compared to the
other Mn,Co,_,O species can be detected from cyclic voltam-
mograms and post-cycling XPS. In fact, both Figures 3a and
3c show clear anodic peaks at 2.2V (a fingerprint for the pres-

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

ence of Mn;0,, Figure S3), but Figure 3b only shows a very
low intensity peak. Moreover, though the height and area of
the two cathodic peaks during the second redox scan is compa-
rable for the three analyzed materials, in the following redox
cycles, the peak ratio changes. Only for figure 3b is the area
under the cathodic peak at 0.45V substantively larger than the
area under the peak at 0.35 V, confirming that the predominant
species after 5 cycles is MnO for Mn ¢Coq ;0.

As further proof, the higher Co-content Mn,Co,_,O materi-
als (MnsCoy150 and Mn;3Co,,0) had much higher capaci-
ties in the first 30 cycles (Figure 3e). This behavior suggests
rapid transformation of MnO to higher capacity Mn;O4 upon
cycling, which was followed by the characteristic capacity
fade of Mn;0,, shown in Figure S8 in the Supporting Infor-
mation. It should be noted that Figure S8 itself suggests that
Mn;0, in isolation may not be a desirable starting oxide from
which to create a Li-ion battery anode.

The higher immediate capacity of the higher Co content
oxides in Figure 3c-e also gives insight into which of the three
mechanisms discussed previously is primarily responsible for
the formation of Mn;0, — reaction with the SEI. This can be
concluded because of the limited oxygen that is available in
the form of Li,O after the conversion of MnO to Li,O + Mn.
Since Mn;0, requires additional oxygen to form per Mn atom
(Equation 2) than MnO (Equation 1) reaction of Li,O + Mn to
Mn;0, would not result in an increased capacity, only or-
phaned metallic Mn (which was not readily observed). Also, if
oxygen-vacancy laden Mn;O, were formed, it could only
come from the reaction of three Li,O molecules, which would
only yield six electrons, not eight, and maintain the same 2e
:Mn ratio as MnO - again not increasing capacity. However, it
does appear that the amount of oxygen that is available to re-
action from the SEI is limited, which explains why we observe
the extensive (and rapid) formation of Mn;0,, but not higher
oxidation states, like MnO,, which we know are possible
based on post-cycling XPS of anodes comprised of Mn;0,
initially, where almost half of the Mn becomes MnO, over
time (Figure S9 and Table S7 in the Supporting Information).
It is interesting that MnO, was not observed because the trans-
formation of higher oxidation state Mn oxides to higher oxida-
tion states during cycling is thermodynamically favored. The
standard reduction potentials for the conversion reactions of
MnO, Mn;0, and MnQO, were calculated to be 1.03, 1.25 and
1.70 V, respectively. Thus, the fact that MnO, is not detected
supports the hypothesis of reactant deficiency (oxygen) in the
system.

The final piece of data supporting the slow transformation
of MnO to Mn3;0, in Mng¢Coy;0, is post-cycling XPS, which
was carried out after 300 cycles. With pure MnO (Figure S10
in the Supporting Information), 100 % of the active material is
reconverted to Mn;0, at the end of the redox cycles. Recall
(Table S4) that for Mn(¢Co, ;O around half of the manganese
remained as MnO, being a potential indication that the inclu-
sion of Co limits the amount of available oxygen for MnO by
forming different cobalt oxide species (CoO and Co;0, in
equal amounts, supported by Figure S11 and Table S8 in the
Supporting Information). Therefore, it is the fight for oxygen
between Mn and Co that controls the materials chemistry and
gradual transformation of MnO to Mn;O,4, a new and very
interesting result. This was not observed for the higher Co-
containing materials due to phase separation of CoO; thus,
MnO acted as a pure, not doped, compound — rapidly forming

Mn;0, upon cycling. Also exciting is that by occurring over
many cycles, though the all of the individual oxide phases
themselves have limited stability, in operating batteries these
anodes showed very good capacity retention. This shows that
it is possible to decouple materials stability and reaction re-
versibility, or to even engineer materials with prescribed fail-
ure mechanisms that do not sacrifice performance.

Conclusion

In conclusion, a detailed study on the MnO solid state con-
version reaction in Li ion batteries has been reported. All ac-
tive materials showed presence of a secondary phase Mn;0,,
which was not detect before. The degree of Co inclusion inn
MnO has been shown to be a critical variable to maintain the
balance between MnO intrinsic capacity fade due to particle
agglomeration and Mn3;0O, formation, by allowing gradual
transformation of MnO to Mn;0, during cycling. Co content
optimization produced an active material able to retain stable
capacity over 100’s of cycles, being one of the best MnO ma-
terials reported in the literature to date. This work also opens
up new pathways for investigation, including the study of oth-
er conversion reactions for low oxidation state metal oxide
compounds, which could help explain some of the works in
the literature where the capacity values are above the theoreti-
cal. Moreover, the presented Co inclusion approach can be
extended to many other materials, being possible to find other
synergistic combinations of chemistries and it might be useful
for the development of new anodes for advanced, high power
demanding Li ion batteries applications.
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